The dynamic acceleratlon enviror_ment observed on Space Shuttle flights to date and predicted for the Space Station has complicated the analysis of prior microgravity experiments and prompted concern for the viability of proposed space experiments requiring long-term, microgravity envlronments. Isolation systems capable of providlng significant improvements to this environment exist, but at present have not been demonstrated in flight conflgurations.
This paper presents a summary of the theoretical evaluation for two one degree-offreedom (DOF) active magnetic isolators and thelr predicted response to both direct and base excitations.
These Isolators can be used independently or in consort to isolate acceleration-senslt_ve mIcrogravlty space experiments.
Dependent on the isolation capability required for speclflc experimenter needs. Interest In vibration isolation for mlcrogravity experlments has increased withln the microgravity science community as the flight program has progressed and the small, but significant levels of residual acceleration on the Space Shuttle (STS) have become more widely recognized and documented. 1,2 These background acceleratlons result from several sources characteristic of the orbiting carrler and the orbital environment. Very low frequency (10-3 Hz to dc) accelerations due to drag, tldal effects, and gravity gradients contrlbute sub-micro-g/go levels. STS thruster activity can contrlbute lO-_ to lO-2 g/go accelerations wlth slgnlflcant duratlon, but can be predicted and controlled.
The most slgnlfIcant and troublesome contribution _o most experiments is the moderate frequency (lO-a to lO0 Hz) dynamic spectrum _f accelerations having magnitudes In the range lO-_ to 10-2 g/go.
Thls dynamlc background is due prlmarlly to random excitations from manned activity on the orbiter as well as small thruster firings for orbit keeping maneuvers.
However, orbiter structure and flight systems also contribute observable intermittent and resonant accelerations to the background as the orbiter interacts with its dynamlc mechanical and thermal envlronment.
The evolution of the Space Station design has led to many discussions of the potential llmltations on long term, low gravity experlmentatlon in thls envlronment.
It Is now obvious that most of the true mlcrogravity experlments will require Isolation From this random milll-g environment If valid and reproducible results are to be expected. Because a large part of the transient dlsturbances have a frequency range from mi111-Hz to I Hz, it Is extremely difficult to design passlve Isolation systems wlth a resonance frequency at most I/_v/2 times the lowest excltation frequency of interest, malnly the sub-Hz range.
The serious limitation of passive Isolators Is the absence of materlals which have useful ranges of both low-modulus (providing low frequency) and appropriate damplng (to avold large amplltude oscillation). Suchactive systems requiresensing of motion or posltion, anda feedback and/ora feedforward control loopto counteract mechanical excitation andminlmlze motlon of anisolatedbody. Such systemsintroducethe complexity of a high-galncontrol system, but offer significant advantages in versatility andperformance. 3
Thls papersummarizes the theoreticalevaluation of botha fully magnetically suspended one DOF system anda passive static supportsystem with Inertial electromagnetic damping. Thefully magnetically suspended system is evaluated usingan attractive electromagnet, whllethe electromagnetIcally damped system Is evaluated usinga Lorentz magnet. Magnetic systems of the attractive type havebeenusedto suspend rotating shaftsfor a number of yearsandthe requirednegative feedback loopsto control suchsystems havebeen discussed in numerous papers, giving the equivalent stiffness anddamping coefficientsfor speciflc controllers. However, thesestudieshavenot treatedthe isolation of the suspended bodyfrombothdlrect and baseexcltatlonsandthe response of suchgeneric suspension systems to thesetypesof dlsturbances hasnot been documented. Therefore the dynamic response to baseanddirect disturbances of both systems hasbeen evaluated.In addltionto the dynamic response of suchsystems, thls paperdeals wlth specific isolation needs for mlcrogravity experiments anddescribes the design of a specific controltechnique belngdeveloped at NASA Lewis Research Center. Thesystems analyzed canberepresented by anIsolator between a basesupport and the Isolatedpayload as shown in Flg. I. Theisolator Is simplyanactuatorwhlchIs drivenin proportionto certalnfeedback signalsdepending on the desiredresponse of the payload. Forthe attractive magnetlc actuator,it Is assumed that boththe stiffness anddamplng coefficientsare derivedfroma relative positionsensor. Forthe electromagnetic damplng Isolator, a Lorentzactuator Is analyzed where the damping coefflclent is U derived from an inertial sensor and the stiffness Is simply that of a passive spring.
The primary thrust in this activity involves the use of digital active control on dependent multidegrees of freedom.
As part of the project a six DOF system wlll be tested under a full six DOF free Fall condition, using the NASA Lewis Leafier, to acquire the coupled response between all six DOF in a low gravity environment.
Statement of the Problem
To categorize the disturbances which are present in the Space Shuttle and will be present in the Space Station, the accelerations are grouped into three Frequency ranges: 4 
Overview
The actlve Isolators described In this paper are effectlve at frequencies above a hundreth or a tenth of a Hz.
This constraint arises not from technology limitations, but from practical llmltatlons on the stroke needed to isolate against the very low frequencles.
Volume constraints in the Shuttle and in the future Space Station manned environment laboratory modules limit the stroke of any support system. Aerodynamic drag, for example, acts on a solar polntlng Station with a frequency equal to that of the orbltal frequency, about 90 min per orblt. Although drag Is a function of the atmospherlc conditions durlng a specific mission, an average magnitude of I0-_ g/go wlll be used For the sake of argument.
Thus, the distance the station would travel under such an acceleratlon would be x : (a/_2)2 = 1.5 m (4.7 ft), not including Inltlal conditlons.
Thus, an "isolated" payload would be forced to Follow such a large spacecraft displacement and be active in a much smaller region.
This active region would depend on the volume constraints of a payload in the Shuttle or Space Statlon mlcrogravlty module.
The following two cases, assumlng use of an attractive electromagnet and a Lorentz Force actuator, respectively, can be analyzed as spring-mass damper systems.
It is assumed that the spring and damper characteristics are actively controlled and translated into actuator response by a control law depending on the response characteristics desired. Using an attractive electromagnet actuator, one can produce forces In only one dlrectlon.
Therefore, to achieve a push-pull configuration one needs to use two electromagnets acting on an armature. For these actuators, the force produced by one magnet is proportlonal to the square of the current and Inversely proportional to the square of the gap. squared dependence on current. Due to these nonlinear characteristics, a bias current llnearizatlon technique is utlllzed.
Thus, the current blas ib is used to produce a nearly linear control law such that for small disturbances about this current the control force produced can be assumed linear.
In order to control this system, one must close a control loop around posltion and velocity feedback signals with a bias current so as to work in the more linear regime of the force versus current plot of a magnetic-circuit as shown In Fig. 2 . Other nonlinearities arise between magnetlc flux and input coil current due to hysteresis and saturation.
In contrast, the Lorentz actuator can produce forces bldirectlonally.
The force produced by a Lorentz actuator Is a vector quantity equal to the cross product of current and Field, _.
Therefore, depending on the direction of current flow in the coil one can produce a force in either a positive or negative dlrectlon.
Due to this actuator's linear dependence on control current, linearlzatlon Is not needed and thls actuator Is open loop stable.
The Lorentz actuator thus has advantages over the magnetIc-clrcult but requires more power to produce a certain force than does the magneticcircuit configuration.
However, the forces needed to control a payload in the welghtless environment of space are small and this Inefflciency
Is not as llmitlng as on the Earth.
The basic concept behind these active Isolation techniques is the sensing of position, velocity and/or acceleratlon and driving an actuator 180°out of phase with thls slgnal in order to cancel a disturbance to the payload.
If there Is knowledge about certain disturbances, a feedforward loop can anticipate an excitation and react without an error slgnal.
Thus, the optimal dynamic response for microgravity experiments, to known and sensed orbiter environments, would result from the Inertlal Isolatlon of a body by a feedforward/ feedback type controller.
Such a controller does not circumvent the need for relatlve Informatlon of the payload in order to follow the large motlon disturbances without exceeding boundary condltlons, (i.e., volume constralnts).
These active Isolation techniques can be implemented using either analog or digital contro] schemes to close the Feedback or feedforward control loops.
The control laws in one OOF for the magneticc1rcult isolator and for a Lorentz electromagnetIcally damped system are described by their transmlssibilities and effectiveness in isolating agalnst both base and direct dlsturbances.
To summarize, these transmissibilities and effectlveness functions are given with a brlef description of thelr formulatlon.
First, the responses or transmlssibillties of both systems will be generated for harmonic base excitations, using the actlve Isolatlon system's differential equations of motion.
These equations of motion were written uslng Newton's first and second laws, where the base dlsplacement, u, Is actually a time functlon, so u = u(t) with the same implied for a directly applied force, such that in actuality F : F(t). Therefore, for a spring mass damper system, the equations of motion for base excitatlon become:
These systems look very similar to passive vlscoeiastIc systems with the exception that, fOr all practlcal purposes, both the stiffness and damping of elther isolator can be set as desired. By Joinlng these control methods approprlately one can produce an active system with variable stiffness and damping referenced to Inertial space. Therefore, these systems can be easily configured as adaptive systems where, by using sensed Informatlon from the disturbance environment, the control law could be changed to optimize the IsoIatlon of the payload.
In the magnetlc-clrcult actuator, the stiffness and damping are not strictly independent, but the dependence Is mlnlmal if certaln control parameters are met.
(For example, a certaln amount of damplng Is needed in order to overcome Instabllities.) To achieve a purely damped response independent of stiffness, be it active or passlve stiffness, one would need to use a Lorentz actuator.
In defining the dynamic base motion equations for both systems, the stiffness and damping terms can be found by using the appropriate control law needed for a stable negative feedback system. The stlffness and damping solutions for both cases are summarized in a paper which Is in preparation. 6 However, the stiffness and damplng coefficients for the magnetic-circuit isolator case are derived in a similar manner to those which arise for a magnetic bearing conflguration, and such derivations can be found in many papers on the subject of magnetic bearlngs; for example, Ref. 7.
In summary, the stiffness coefficient For the magnetic-circuit becomes:
For the electromagnetic Isolator, because the mass Is being statically supported by a passive spring, the stiffness is simply K. Summarizing the damping coefficients for both isolators, the magnetlc-clrcult damping coefficient becomes
and the electromagnetic damplng c : -gNlav v where:
Eavv i5) lavv" R (note: calculatlons assume negllgible inductance)
As one can see, the magnetlc-clrcult actuator system Is more complex than the Lorentz actuator due to the nonlinear characteristics of the magnet. Also, since the stlffness Is a function of the excitation Frequency, the natural Frequency of this system Is not constant.
However, For small excitation frequencies, which Is the range of Interest, the natural frequency of the system can be assumed constant.
In order to solve the equations by defining the base excited system transfer functlon, the dynamlc equations will be transformed into the frequency domaln using the Laplace transformatlon: Thls type of response Is not seen In the pure suspenslon case because the veloclty term was determlned from the derivative of a relative posltion sensor giving rlse to the response shown In Fig. 3 .
In order to relate these curves to the microgravity environment, one can use a g/go versus Frequency plot, which was generated from typical MIcrogravlty Science Laboratory acceleration datal, 2 measured on a shuttle fllght, and superimpose the transmlsslblllty curves on this data to predlct the isolatlon performance achlevable for such dlsturbances.
By superimposing these curves, one can get a rough Idea of the capabllity of such a system in isolating against such low frequency dlsturbances.
These curves are presented in -6
"worst case" limit for such an envlronment. The filled data points show the effect of filtering this "mechanical noise" through the Lorentz isolator and the resultant "worst case _' line.
As explained previously, these curves all demonstrate system resoonse to base excited harmonic motions.
4owever, disturbances may also be generated directly on the payload Itself.
The . sensitivity of the Isolated payload to a dlsturbing force will be characterized by a term called the isolated payload mobility.
The mobility of the payload is the vector magnitude of X(s)/F(s).
Thls parameter measures the amplltude of the payload deflection per unlt of force amplitude. The equations of motion for both systems, for direct disturbance only are:
These equatlons can be placed in the Laplace operation format and from the definitlon of the vector magnitude X(s)/F(s), one can write the mobillty equation for both cases as follows: Figures 6 and 7 present the effectiveness of the active feedback, force actuated vibration Isolatlon systems as compared to a passive system with a critical damping coefficient of 0.05, which is typical for passive systems of the type utilized with low frequency system resonances.
As shown by the transmissibility curves in Figs. 3 and 4 , there are many advantages in developlng Isolatlon systems with the specific characteristics of both active relatlve and inertial closed loop Isolation systems.
To date there have been systems developed which exploit inertial damping methods however, their limitations arise From the cut off frequencies obtainable because of the passlve stiffness utlllzed for static support of the' payload.
Such a passlve stlffness can be physIcally descrlbed in terms of a classical spring where the stiffness must be large enough to support the constant loadlng a payload Is to experlence and thus, thls required stiffness dictates the dynamic stiffness of the system, once a transient disturbance is introduced.
However, by actively supportIng the payload wlth an integral term of the relative position, and setting the relative posltion galn term appropriately, one can tailor the effective dynamic stiffness of a system to whatever value is desired, dependent on the user's requirements.
In effect, one can design an actlve support system wlth classical Isolation characteristics with the versatility of changing the dynamic stiffness and damping parameters independantly to produce a desired response.
This gives the ability to set the cut off frequency of such a system to much lower values, If the approprlate strokes are obtalnable in the working volume of the payload. However, for such a relative sensor deflned control system, increasing the damplng galn term gives rlse to better response at resonaEce, but Impedes isolation at frequencies above 2 times _n-This response arises from taking the relative velocity of the system whlch manlfests Itself in the 2_/_ n term In the numerator of Eq. (lO), shown In Fig. 3 . 
The control block dlagram for this control system is shown In Fig.  9 . In utilizing this concept, a six DOF system was designed for laboratory development and is currently 80 percent complete. Actlve control of three DOF has been demonstrated, including the implementation of the Inertlal actlve vibration isolatlon control.
The remalning DOF will be added in the subsequent months as the remalnlng hardware Is fabricated and Integrated into the laboratory test bed.
Concludinq Remarks
In concluslon, it is apparent that the active magnetic systems described here have advantages over passlve Isolators due to their ability to isolate against the low frequencies present on the orbital carriers, as well as thelr ability to implement an adaptive control to isolate against both the dlrect and base excitations which will be present in all pressurized modules.
Therefore, it Is apparent that the optimal Isolation of microgravity science payloads will require an adaptive digitally controlled system to optimize isolation coefficients so as to most effectively prevent disturbances from perturblng the payload.
To lower the corner frequencies of such an active system, one would need to use actuators with larger and larger strokes. steady-state accelerations, resulting from aerodynamic drag, gravity gradlent effects, etc.
To achleve the microgravity requlrements imposed on the Space Station facility (Fig. 8) for any significant length of time, microgravity vibration isolation will have to become a systems engineered solution as wel] as an experiment-specific concern. Thus, the requirements for acceleratlon-sensitive microgravlty space experiments will dictate multistage isolation concepts which will combine both passive and active systems where the control of the center of gravity of Space Station will be closed around such microgravity steady-state acceleratlons.
